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, AL INVESTTIC-0TION CF A SWEPT-VWIN
RESEsRCH iODEL BOUNLDARY L.YER
SUMIMARY
A detailed study of the boundary layer of a semirsoan,
reflectlon-plane, quurter—scaie model of the Douglas F3D-3
swept wing (ONR Ri-4) wis made as & continuating ohase of a

prograi wialch 1s to culmirate in tae zpulicatinn of a2 boundary

1y

ation control metrhod, Bou dqr"—lhvpr surveys

|-.J

layer, circu
were made at four crordwise and five spanrise polints for three
attack angles. A few boundury-luauyer ycrofiles -vere neasured
witn tae inbourd rliap deflected to 495 degrees, The bourdary
layer trensitlon was studied by use of the evaporative method,
the stetncescove tecnnique end totai-hcad measurswments,

Two bourdary-luoyer v;riabies, veloclity mapnitude and

directinn, rvere measured as 2 furctisn of the normal dis-

s

tance to tne wing surface, 1This producsd bhasic informuation
on tne craracter of tne wing bouncary layg=r, its flow cir-

ection variations, and its thiclkness growtr alone cnnrds
parcllel to the pline of =ymmetry ~nd along SnanFiFe con-
ssant local=chord percenta,e lires, Thie irformation was
translated ints disvlecezent and csmentum thicknes=es
parallel =2nd perpendicuvler to the wing guarter-chord line,
&and then to the shape ourtuneters for the wing boundary
leyer, - The results snowed tne bounczry-layer parameters, the

thickness, and tre transition to be functions of the local-

cnord vercentuge. *
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INTRODUCTION

The experimental investigation descrit=d herein was
conducted as a cor tinuation of the research »rogram on the
Douglas F3D-3 (ONR RM-4) sweot wing. Tnis nrogram, under
tne sponsorship of the Office of Naval Research, 1s directed
toward procuring fundamental informetion on the arnlication
of a boundary-layer, circulatiop controcl system to a swept
wing., A preceding repert (Ref. 1) showed the exverimentally
determined lfft and bressure distributions, aerodynamic pro-
pertiee, and tuft ctudles of the wing. Is a sense thls re-
pbrt.ls a supplement, since 1t extends the lmowledre in a
more detalled fasnlon to the hrourdasry layer profile, tnick-
;ess, transjtior, and fiow directlicn variations,

Several autnors (BRefs. 2,3,4, and 7) nave oroduced
theories snd experimental results whicn demonstrate the
behsvicor >f the boundary-layer on an Jafinite swept wing,

, as notsd by Muger (Ref.f), the work on finite soan
swept—-wing boundary-layer treorles (Refs. 5 and %) has teex
inadequately substentiated by tne svarse experinental data
(Ref. 8). While the present data could be used to check
such theorles, that was considered beyond the scooe of thix
report,

Because the final experiuments in this series will bhe
conducted with a ninged leading edrpe znd blowing alr over sn
outboard atleron, the cxpﬂrimentaf ohjective was to define
the characteristics of tnc ONR BM- swept-wing boundsry layer

without guch a system. It is therefore an attempt to
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understand the wing and 1ts surface flow conditions befo“e

embarking on a test orogram csiaplicated by aux;llary in-

novations such as the alleror, hinged nose aand blowing cver

the aileron,

—

NOMENCLATURE

\

a, = gaometric test angle of attack, degrees

éf = flap deflection angle, degrees
¥ = flow angle with respect to the symmetry olane, degrees

¢ = local Wing'chord measured parallel to the plane of
symaetry, feet,

¢ = wing mean aerodynamic chord, feet,

q = local dynamic pressure, 1/2 pUz, pounds ver sguare foot,

p = alr mass density (assumed constant), slugs per cubic
foets 3
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qgy = free—~stream dynacic pressure = 1/2 oU 2, pounds per
sauare foot,

J. . = free-str2am velocit feet p=2r second.
] L

x! = curvilirear ordinate measursd in a plene perpendicular
to the quarter-chord line, feet,

urvilinear ordinate on the wing surface parallel to
the quarter-chord line, feet,

curvilinczr crdinate norzal to and
wing surface, feet,

meacsured from the

purellel to the plane of symmetry measured
frou the lea

ding edge in the chord vlaune, feet,

y = ordinate pervendicular to and measured froin the olane of
symmetry in the cpord olane, feet,

N

= ordlrate’normal Yo and meagured from the chord plorne, feot
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max = Jgl4vl = local suximuw velovclty in the boundary

layer, f2et per seconc.

=
i

component of the brindary-layer velocity in the x'-
direction, feet per sacond.

]

v comvonent of the boundary-layer veloclty in tne y'-

direction, feet per second. ’

U,V = local potentiul flow velocity comuorants ot the edre
of tne bourndary laysr, feet per cecond.

= nowinnl talckness of tne bnrurdary luyer

og o
~
o
H
o

)
y = displacement tnickness = | (1- 8-) dz, Sﬂ (1- %) dz

A\,

'’

8 8
©,,9, = womertum thnickness = S 4 (1- Y)az g v (1- Y) 4z
X
L £ o U gr-=e Jo ¥ v
H_,H_ = shuve parameter = 8x 8y
x? ¥ et parai X, ¥
R = Reynolds rumber = Uge
)
R, = Local Reyrolds rnumber bussed on the bourndaryv laver
= tnickness = Y&
v
v = kineuatic viscosity = g
CORRECTIONS

No correctlons were applled to the data exceot for
the error 1lncurred in the initlal orohe cetting on the
surface of tne model. It was discovered soon after the tests
began that although extrase care was exevrclsed, the flrest
imoulse on the actuatling mecnanism 4id not always move the
nose of the urobe off the surface. Exov«rimentally it was
verified that tne flrst few voints so irn error could be
corrected by falring the profiles toward the zero setting

and then subtracting the normzl distance error indicated by
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2tween tne *nitisl oolnt and the faired

curve from the profile normal distarnce ratios. These cor-
: rections in most cuases ware wbout 2 nercent of the totul

bcundary-layer tnickness,

: Ancther erreor which could not be detected from the

H - . "

| profile plots was.czused -by tne inverse nroblem of not having
i ! the mouse on the wing surface &t the bazinning of the move-

ment, - Therefore, if the data was initislly =sccurate to * 2
pexrcent nf the thickness, then after the above correction the
errors in tne curves due to the initiasl setting of the mouse 1is
i 0 to +2 percent of the boundary-layer thicitrness with respect

‘ to the normnl distarce ratio z'/c. This also makes the lam*nar
snear stress values obtalned from the curves incorrect,

An additlonegl itesn concerning the flow anpgle curves

V. & e~ e . ~ oA ~ T e o - -~ '~
; . close to tne surface is wortny of wentlon, In vlacing tac
vnree tubes on ihe curved surface the intoard znd cuthoard

tubes registered slightiy different pressure readinges beciuse
tney were nct leocated ut exactly the smme dlstonce from the

] surf:.ce and were distorted by surface contact, This problem
vas rarticulsrly aggravated by the ~teep veloclty gredlent of

the laminar laver. The angular variation curves show the filrst

- few polnts in error by culte lurge nerative zngles, Apn extrar-
E olation of the unzffected angle trend s used 1n this urea
3
. : ; since no correction could be made, The veloclty orofile was
';A: not afrected becnuse the total-head tube re:id total vressure

N
B

for ¢y = % 10°,
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APPARATUS
Tne one-~fourtn scale model of the Douglas F3D-3 wing
wes tested In the University of Wichita 7- by 10- foot wind
tunnel. A description of the wind tunnsl is presented in
reference 9. Tne model (Fig. 1) wos constructed of laminated
mahogany and finished with sanding sealer and varnish to

prcocduce an aerodynamically smoots surface. As in the pre-

used to measure the local static pressure. 1t was found
that the static pressures checked very closely with the
original pressure distribution tests, so the routine sacc-
ted was umerely a cnsck urocddure when the orobe was far
enough from the sgfface fér negligible ilnterference.
Figure 2 shows some detalls and dimensions of the
prcbe.' The sensitivity of such A probe and the yaw range
for accurate measurementis of total pressure are prescnted
in re;erence 10. Pigures 3 through 6 present the mouse,
1ts mechanisms for rotation snd normal notion, and the
gantry used for the wing mounting, A vneumatically operated
cylinder actuated the cog-wheel drive nut cof the probe leg,
A difficulty with the system was that i1t moved unidirec-
tionally. Thus, if it became necessary to lower the mouse
to check a reading, the operation was halted und the mouse
reset manually,

Originally, the mouse unit was designed to rest on

small feet extending from a oivot voint directly above the

- e 08 Sk LS AANENS T o 2 A 0, 2sn " et A P g TA “ oo - ~ = o0 alalon
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ends of the tube openings, Tnl

rigid guntiy

inteirference.

1)

HAY oneir:
ULa=lar

(o8

€ r

~ . ik
Ty T orige e 3
2] HR O P4 e Lorce

4]
o

T

4]

structure which probably recsulted ulsa in less

Howevuor, tne scmewhat hulky mechanism shleld

and the srort leg to tne tubes 'were refnired to exnedite

tne invecstigation,

An inclired manometer at 30 degrees to the horizontel

was used to read th2 total oressure of the nouse center tube,
to indicate the two outer tube - recsures which were %ecvt ecual

by vprobe rotatior, and to snow tne turrel dynaoic crecsure

rod extended

&

through the endplate to a position such that an

operator could eaualize the mancmets=r readings of the zngle-

sensirg tubss and thus obtain the total vresrfure and tre

flow angie.

£ callibration curve provided the correlation

between the control rod verrier dicl and the flow angle.

Reference 1 provides a detailed descrintion of the

wing moael.

Some of the pnyslcal diamsnsions are shnwn in

figure 1 such ag follows:

Wing semispan
Root chord

Tip crord

= 65.75 in. (BRoot 9.25 from fuselage
= 36.70 in,

L]
Mean aerodynamic chord = 26.9%4% in.
L] <

Wing area

Aspect ratio

guarter chord

Boot section,

Tip section,

el S5/ P S RS S o S TS S TR S

"Swesp angle of root - teo-tio

line = 36°
NACA 63-011.54

NACA 53-008

e
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Fuseluge ¢ section, NaCA 53-012

Plep span -~ 16 percent wing semispan,

Mocdel scale = one-~-quarter full scale,

TESTS

Thz boundary-layer investiFation test schedule was:
S R PEN e i i e
Wing Sta, { ay 1 Local chord positions Local chord positions
; without flap, % x 10 with 45° flup, g % 104!
; - : S ) "

§
| !
| |
‘f_"“'__" S 1 T T P T e e
117,75 Q° 30,4C,70 ; 50 j
| . no | 30,50,70 | 50
; 8e 20,50,70 | 50
29,06 | oe | 30,50,70 . [
i I Lo ' 30 ’ 50 » 70 ] 50
8° ll 30 ’ 50 ’ 70 | 50 !
. 4O, u1 . 0° 30,50,70,70 ; 50,70
L yo 30,50,70,90 : 55,70 '
30 30, 50,70,90 ’ 50,70
51.75 0° 30,50,70,90 : 50 |
. Le 20,50,70,90 ; 50 |
t go 30,50,70,90
63,10 . 0° 30,59,70,90 | '
Lo4e 3C,€0,70,90 :
; | ge 30,50, ,0,90 l
lus o e e RS S (S SRS l SR S S|

As foruéﬁé previous testé, fha tminel dynaisic
pressure was maintaincd at 24,5 pounds per square foot which
corresponded to 103 mph or 39,1 knots. Because of additinnal
screans in the tumnnel settling chsmbhaer, the fturbulence factor
reduced to 1i.22., Trereby the effective Reynolds number of

the wing based on the meun aerodynamic chord became 2,49 x 106,
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DISCUSSION OPFP THE RESIJLTS

made to det:rmime the line of transition by three umethods
which were used with varylng degrees of success. The first
utilized the evavorutive rate differesntial between laminar

and turbulent layers to indicate thz t

|

[k el
[ S

~4
A

ot

A An
a2 07

ped

4w
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a f»am tho
S e, e

evaporation of a volatile surface coating (Ref, 11). A tur-

=

bulent layer has a hignher rate of mixing and a greoater velocity

gradient at the surface thun a laminar layer and therefore
accelerates surface evaooration, Ethylene plycol {(Prestone)
wi.s used as the Irdicatling mediun to oroduce the results

shown in figure ?. Talcum vowrder wuas blovn over the wet
laminar area after the run to »roduce the ohotoprachic guality

contrast. Nui.ce ihe indlcation of turbulent wakez bhehind the

-

{

xlay aree and wond serew noles. There seemed tc be a reaction

between the liaquid and the finish or else suhsequent exseriment

surface preparations were not as curefully made because voorer
results weré producéd in the later attempts and the methcd was
abandor.ed,

. A second metnod involvirng the accoustical nature of the
two boundary-layer types vas then used., Thils metnod involved
.

a stethoscope attuached to tne end of a total-head nrobe wnich
was moved over the model surface im the boundary layer. The
line of demarcation haetween the turbulent and l-mirar layers
as the probe moved forward along the surfuce was indlcated

by & reduction in the noise level. Flgure 2 shows the results

of this investigatiorn. The transition was found to he a

function of the lovzl-chord fractlon as indicated also by the

e e e o s F Dy B . - o et x =
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evaporative teste, At tne most invoard station the nbhserver
had the least falta in the results because of the lack of

sharoness in the point at which the noise level changed., The
probe waz narticularly difficult to use at station 17.75 near

Fad

ey er 4+ L o 4 b =3 -
i way account for the diffsranc of

posm
£h

n tren

M

these readings. Most of the noint scatter was a function of

)]

the curve =zlope and could therefore be nttributed partielly
tc the accuracy in the mnHdel] angle of attick settings.

Figure 9 shows the rezults from the third method o

+y

transition detection., The survey vrobe wags nlaced off the

surface at a dlstance vhere the veloclty orofiles irdic:

ted

i
D

the maximum velocity difference occurred during the truansition
froia laninar to turbulent boundary-layer flow, Velocity
measursucnts preoduced 4 curve of a gradually 1noreaq1np vel—-
ocity turougn the itrunsiilon zone followed by a decreasing
velocity in tne turbilent layer. Thus, wnen the wing attack
angle Q;s increased, tne velocity was a maximuin at the completion
of the flow transition from lamipar to turbulent (Refs, 12 angd

13). This was an inverse approach to noving the prohe through

the transition zone at a constant angle of attack.

e ROV

A com~

varison with the stethoscope results showved good correlation,
It was determined that the traasitior Reynolds number
wias not constant alonyg the spuarn, but (for ap = 0° and 8p = c°)

varied ir the following manner:
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rStation By, Trancsition Reynolds No,
17.75 7.43 x 102 ;
29,08 6.08 x 103 !
40,41 5.17 x 107 |
51,75 h,21 x 103 .
43,10 3.09 x 103 _J

=

=4
o
<

«-r

This decresase wac duc primurily to the thinnmer laminar
laycer at transitlon toward the tip and cecondarlly to the
lower velocities over the less thick tip sections. Approx-
irmately these samz conditions existed for the z2ttack angles
of 4 and 8 degrecs. As determi=ned from sphere tests the

tunnel turbulence factor was 1,22 which correspondg to 0,26

lzyer growth for the three attack angles 1s civery by the sketches
of figure 1C. The growtn was affected primurily by the

Sp;nwlse pressure gradient, iue Llp vortsx
course, angle of atiack. AL ap = 2° the spanwlse gradient
caused a véry pronounccd growth outvoard along chord vercentage
linesc; this ultimately was the cause of tip flow separatlon,
The infiluence of the tip‘vértex or the boundary layer was

most drowinent at lower 1lift values, whilzs the increased
thickness with angle of attack 1s seen from succeeslve
sketches,’

. The graphe of figures 11 and 12 present the chordwise
and spanwisc values of the boundary-layer thickness to an

enlarged scale, Xt was found that the transition voints

described above were entirely compatible with these curves,
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Also, the influence of the trunnion hole cluy filler on thne
transitlion was in agresment. 7This turbulent wake was noticed
throughout the data and appeared very nuch wider than shown
anwige

a ow v
A0 o pcaids !‘O'.“t R

percentage chord lines 1t was found that only when plotted as
§/c dia ths growth appear, but thai the astual thickness

was virtually constant as shown in the second plot of figure
12, Por the forward 7C percent of the wing this was true
except where the laminar layer wzs trioved by the clay area,

FPigure 1

m
(o]

i3 & ccmplete summary of the flow angle
veriations within tlie wing boundary layer», These curves

do not include the runs with the flap deflected. Negative
flow angles (toward the root) were consistently measured at

the edgs of the layer which was equivalent to the potential

" flow direction. Then towurd the surface the flcw was turned

by the adverse pressure gradlent in the. spanwlse direction
by as much as 15 to 20 degrees at B degrees angle of attack.
The aerodynamic force data of reference 1 sncowed that
the boundary-layer information was all obtainéd on the
iinear portion of the 1ift curve., A major increase in flow
angle (before separation) occurred between 8 and S degrees
angle of attack according to the tuft study pvictures. Tnis
slightly preceded the 1ift curve break which resulted from

reversed flow at the wing tip.
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As previously notea, the boundarv-layer tnicimess
distributibn snowed a lurgre interaction at the wing tip
between the layer and the tralling vortex, Flgure 13 also
demonstrates such an interaction, the result tendling to
decrease the spanwise flow, especially on the surface, The
maximun positive flew angle throughout the layer was measured
at station 40,41 in each instance,

Figure 14 depicts the experimertal boundary-layer
profiles and flow angles on the upper surface of the sweot
wing. The previously discussed transition character of the

wing flow 1s rendily seen in these curves, Note that the

flow anele axes have been snifted in many instances te maln-

tain all the curves to the same scale.
Several tralts of the boundary layer are evident from
a comparison of the various curves,' In every case the flow
variation ’
angle/inmediutely outside the viscous layer in the potential
flow field was found to te zero. This was in contradiction
to the two-dimensional swent-wing measurements of refersnce
7. From reference 1 the uncorrected 1ift coefficlients of
the wing at tnese tested angles of attack were:
© (8D
Qt\sf 0 45
00

0.025

0'755
4o 0.300 1.005
80 0.570 | 1,243 !

Thus a comparison witn reference 7 should be valid since the
airfoll sections wers compurable,
Wnen the flap vas deflected to 45 derrees the major

change in th: doundary-luyer profiles was for a = 0°,
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because tne transition woved very far forvoard, Howevar, toward
the tip the pressure gradient was steep and the profiles re-~
flacted the uresence of this stircng wdverse pressure gradient.
From these observations the major influcnce of the flan was
on the tip boundery layer. This was subgstantlated by the
tuft study of referance 1,

The fact thot the boundary layer on this wing hehaved
as a function of the local-chcrd percentage wac predicted
ty the pressurc distributions. Isobars on ths upper wing
surface were determined as very closely parallelling the local-
chord percentage lines except nt the tip which w=s strongly
infiuenced by t yortex flonw, A projection of the flow
vectors on the isobar field showed clerrly the velcocltiy
deterioration ir a directlon normal to tne isotars.,

ince fthe nzture of the boundary layer showed constency
aiong the span,the displacenent and momsntum thickneses coa-
ponents wWere calculated 1n directions rormel and parallel to
the guarter-chord limns. Thesc value are pressrted in tables
B and C., 7To cowmplete the analysis correspcording components
of the shape perameter, H, were calculated. These H values

are showm in flgures 15 snd 1€ as functions of the chord and

par. Reference 17 glves the orig!ir and thoughts benind the

/]

shape perameter. Tne ccnsistency of the results relterated
that the boundary-layzr characteristics were corstant along

the local chord parcentage lines 2f the nlualn wing,
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Fipure 3.~ Tae conplete prose srecghly Sounted of the

swet-wing wodel.
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Figure 7.- A transition pattern on the wing as detected by

the svagoritive melthod, ay = 09,



R
-~

4

I

Fallt

i

m.

Sy uE

A T
[ BT
i oAl
e s
(e pels L]

l . <
s

o
|- _“ ............

f A i u_..... =t il K3
i e b B A% ol i
A R i R el ==heyiomgl Ry bl

- N R P ¥ B . Yoo R R L]

S sigiiedlen sl G e H i Ao sl
Rk gt T R T R R R ..lx_ﬂu--ﬁil* M.«u., S
T ; e o : il SOEIRET0g P R tiseidate
-~ Preatt el sty .._ :y ...”.»:,_...: (LY G 1| =
. o . . el FIS S IR Y KNI RR] e T - . 3 —
» LR ¢S # = -




R

LRV V)

4T

1

bl

e TR AT

* v n
X TN noa| Yy SER LI RE ] BT {
‘0D ¥ISST W 1IAINIX [ARY . o
. o - . . = = 7]
2 EEP N ST 4 i £k G
.



T

vy

{4+
+

[
A Rl

41

A4+ F
+ f 4

MEWE g Ran .

b

-

M -4
11 1

-
TFT

i1

Ly
H

2 semMNAEN=dsas

*
=

puyanok

i

1

1

i

ps nww)

HiH

as

s

iyt

+] -

“<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>